Cadmium sulfide nanoparticles (CdS-n) are excellent electron acceptor for hybrid solar cell applications. However, the particle size and properties of the CdS-n products depend largely on the synthesis methodologies. In this work, CdS-n were synthetized by microwave heating using thioacetamide (TA) or thiourea (TU) as sulfur sources. The obtained CdS-n(TA) showed a random distribution of hexagonal particles and contained TA residues. The latter could originate the charge carrier recombination process and cause a low photovoltage ( oc , 0.3 V) in the hybrid solar cells formed by the inorganic particles and poly(3-hexylthiophene) (P3HT). Under similar synthesis conditions, in contrast, CdS-n synthesized with TU consisted of spherical particles with similar size and contained carbonyl groups at their surface. CdS-n(TU) could be well dispersed in the nonpolar P3HT solution, leading to a oc of about 0.6-0.8 V in the resulting CdS-n(TU) : P3HT solar cells. The results of this work suggest that the reactant sources in microwave methods can affect the physicochemical properties of the obtained inorganic semiconductor nanoparticles, which finally influenced the photovoltaic performance of related hybrid solar cells.
Introduction
During the last two decades, organic semiconductors have shown the potential to form organic heterojunctions that can be used as light emission diode or photovoltaic solar cells. A heterojunction is built with two types of semiconductors in touch: one is n-type or electron acceptor (A) and another one is p-type or electron donor (D). Most organic semiconductors are good electron donors, and few are good electron acceptors. On the other hand, the majority of inorganic semiconductors are good candidates to be electron acceptors. Hybrid solar cells are heterojunctions formed by one inorganic electron acceptor and one organic electron donor. They combine the stability and large electron mobility of inorganic semiconductors with low temperature solution processed flexible organic polymer material that makes them a promising alternative for low-cost, large-area, mechanically flexible solar cells. The light-electricity conversion efficiency of a hybrid solar cell is strongly dependent on the exciton dissociation efficiency, which, in turn, is a function of the morphology of the D-A active layer. The organic and inorganic components of the active layer in a hybrid solar cell can be prepared as two adjacent compact thin films, two diffused layers, or a blend or composite (bulk) layer of two interpenetrated components. The large D-A interface area of a bulk layer enhances the exciton dissociation efficiency, and the most efficient hybrid solar cells (and organic solar cells in general) were made with bulk active layers with inorganic nanoparticles mixed with a conducting polymer to create a heterogeneous composite with large interface area [1] [2] [3] [4] [5] [6] .
Several inorganic semiconductor nanoparticles have been used in hybrid solar cells [7] [8] [9] . In particular, cadmium sulfide (CdS) is an excellent photosensitive material and has a direct band-gap ( ) of 2.42 eV. The good match of its energy levels with those of organic semiconductors makes it a good candidate as electron acceptor coupled with poly(3-hexylthiophene) (P3HT) as electron donor to form the active layer in hybrid solar cells [7, [10] [11] [12] . A conversion efficiency 2 International Journal of Photoenergy of 1.06% has been reported in hybrid solar cells with P3HT and CdS nanoparticles sensitized with the ruthenium dyes (N719) [12] ; without the dye, the CdS-P3HT heterojunctions only showed an efficiency of 0.06%. Thin films of CdS were deposited by spray pirolisis and used as active layer with P3HT to obtain an efficiency of 0.15% [13] . When CdS nanoparticles were formed along the P3HT main chains, the corresponding solar cells showed an efficiency of 2.9% [14] . The best conversion efficiency of CdS-P3HT solar cells is reported as 4.1% with quantum dots of CdS deposited on P3HT nanowires to reach a high interfacial surface [11] .
There are several methods to obtain CdS nanoparticles like gas phase reaction (with H 2 S or sulfur vapor), solvothermal method, solution precipitation, microwave-assisted solution precipitation, and so forth. Due to the fast and homogeneous heating effects of microwave irradiation, microwave assisted heating methods have the advantages of short reacting time, high energy efficiency, and the ability to induce the formation of particles with small size, narrow size distribution, and high purity [15] [16] [17] [18] [19] [20] . For solar cell applications, however, it is very important to study how the preparation conditions affect the physicochemical properties of synthesized CdS products and, especially, the photovoltaic performance of corresponding hybrid solar cells. In this work, CdS nanoparticles (CdS-n) were synthesized by microwave-assisted solution precipitation method with two different sulfur compounds: thioacetamide (TA) and thiourea (TU). The structural and optical properties of the obtained products, CdS-n(TA) and CdS-n(TU), were analyzed and compared. It is found that the former were random distributed hexagonal particles, whereas the latter were almost monodispersed spherical ones. The surface impurities in the obtained products were also analyzed. Inverted ITO/CdS-f/CdS-n:P3HT/CP-Au solar cells were prepared, in which ITO (indium-tin oxide) was the transparent conductor, CdS-f the thin film of CdS, CdS-n the nanoparticles of CdS, and CP the carbon paint as buffer layer between P3HT and gold contact (Au). The advantage of the inverted cells was the substitution of the unstable organic buffer poly (3,4-ethylenedioxythiophene) :polystyrene sulfonate (PEDOT:PSS) by a much more stable CdS-f. It was demonstrated that the use of an adequate sulfur source in microwave synthesis of CdS was an important issue for hybrid solar cell applications.
Experimental
The chemical solution for CdS-n(TA) synthesis by microwave heating consisted of 0.03 M solution of CdCl 2 (Reasol), 1 mM solution of sodium citrate (HOC(COONa)(CH 2 COONa) 2 ) (Fermont, 99.9%), 0.67 M solution of KOH (J. T. Baker 88%) to keep the pH value of the solution slightly higher than 7, and 0.03 M solution of TA (CH 3 CSNH 2 ) (Fermont) in deionized water. In the case of CdS-n(TU), the solution was made of 0.03 M solution of CdCl 2 (Reasol), 0.01 mM solution of sodium citrate (HOC(COONa)(CH 2 COONa) 2 ) (Fermont, 99.9%), 0.1 M solution of KOH (J. T. Baker 88%) to keep the pH value of the solution between 8.4 and 8.8, and 0.3 M solution of TU (NH 2 CSNH 2 ) (Fermont 99.3%) in deionized water. In both cases, the reaction temperature was set at 50, 100, or 150 ∘ C, the reaction time for 10 or 30 min, and the power of the microwave oven at 600 W. The chemical solution turned from transparent to yellow color after microwave heating, suggesting the formation of cadmium sulfide. The obtained CdS-n precipitates were washed by centrifugation with methanol and dried at room temperature. The reaction yield was increased with the reaction temperature and time. After synthesis at 50, 100, or 150 ∘ C for 30 min, the dried CdS-n(TA) products were 5, 52, or 66 mg, respectively, for a 100 mL of reaction solution. In the case of CdS-n(TU), the product yields were 132 mg after synthesis at 100 ∘ C for 30 min and 207 mg after reaction at 150 ∘ C for 10 min. And, for the synthesis at 50 ∘ C for 30 min, no precipitate could be obtained from the centrifugal separation. Therefore, for solar cell application, 50
∘ C was not adequate as reaction temperature to achieve a reasonable amount of CdS-n product.
The structural and optical properties of cadmium sulfide products were analyzed using different methods. X-ray diffraction (XRD) patterns of CdS-n powders were recorded in a Rigaku Ultima IV X-ray diffractometer (CuK-radiation = 0.154 nm), employing scanning rate of 1 deg/min in 2 range from 10 to 70 ∘ . Scanning electron microscope (SEM) analysis with the attachment of an energy dispersive X-ray spectroscopy (EDS) was performed in a Hitachi FE-5500. FT-IR spectra of CdS-n powders in KBr pellets were recorded in a spectrum GX Perkin-Elmer. Photoluminescence spectra of CdS-n powders dispersed in water were taken in a PerkinElmer fluorimeter LS55 with 390 nm as excitation wavelength for emission spectra and a filter of 430 nm to eliminate the second harmonic signals. The concentration of the powder in water was chosen as about 0.13 or 0.32 mg/mL to maintain the particles as much separated as possible. Optical absorbance spectra of thin film samples were recorded in a Shimadzu spectrophotometer (UV3101 PC).
For solar cell preparation, thin films of cadmium sulfide (CdS-f), of thickness of about 50 nm, were deposited by chemical bath deposition [21] on transparent conductive glass substrates (indium-tin-oxide, ITO, coated glass with sheet resistance of 15 Ω per square, Lumtec). CdS-f acts as hole blocking layers in hybrid solar cells. The active layers were formed by CdS-n and poly(3-hexylthiophene) (P3HT, Aldrich regioregular, 97%). They were prepared as bulk or diffused layers. In the case of bulk structure (Scheme 1(a)), dried CdS-n powder was blended with P3HT solution in 1,4-dichlorobenzene (DCB). The weight ratio between CdSn and P3HT was varied as CdS-n : P3HT = 1 : 1, 3 : 1, or 6 : 1. More percentage of CdS-n powder led to poor adhesion of the composite films on the substrate; less amount of the same powder caused poor photovoltaic performance. The mixed solution was dripped on the CdS thin film and dried at 70-80 ∘ C. For the diffused layer (Scheme 1(b)), microwave prepared CdS-n powders were dispersed in dimethyl sulfoxide (DMSO) or DCB. The CdS-n suspensions were deposited by spin-coating on top of the CdS-f surface and dried in air to form a porous CdS-n layer. Then a P3HT solution in DCB was dropped on top of that porous layer, which was rapidly filled by the polymer solution. After a fast drying process at 70-80 ∘ C, a diffused double layer of CdS-n/P3HT was formed.
International Journal of Photoenergy Scheme 1: Cross-section scheme of (a) bulk CdS-n:P3HT and (b) diffused CdS-n/P3HT active layers in hybrid solar cells.
All the active layers, bulk or diffused, were annealed at 170 ∘ C for 10 min in air [22] . After cooling, carbon paint (CP) solution was spread first on the surface of active layers and dried in air. Then gold contacts of about 40 nm of thickness were deposited by thermal evaporation on top of CP. The use of CP was to improve the ohmic contact between P3HT and Au and avoid the gold atom diffusion towards the active layer [23] . The final structure of the cells was ITO/CdS-f/active layer/CP/Au, and all the devices were annealed in air at 110 ∘ C for 10 min to improve the junction between the metal contact and the active layer. For comparison purpose, reference cell samples were also prepared in which the active layers were formed only by thin films of CdS (50 nm) and P3HT. The structure of those cells was ITO/CdS-f/P3HT/CP/Au. Current-voltage (I-V) curves of solar cells were taken under illumination of one sun with a solar simulator (Oriel). The intensity of the Xenon lamp was adjusted to 100 mW/cm 2 . The external quantum efficiency of solar cells was measured in a solar simulator (Science Tech) with a Xenon lamp of 150 W. All the electrical characterizations of hybrid solar cells were carried out in air under ambient conditions.
Results and Discussion
Higher reaction temperature in a solution synthesis always favors the crystal growth and particle agglomeration. Figure 1 (a) shows the XRD patterns of CdS-n(TA) products prepared at three different temperatures: 50, 100, and 150 ∘ C. The diffraction peak positions and relative intensities suggest a CdS hexagonal structure (Geenockite, PDF#41-1049) in the CdS-n(TA) products. The absolute diffraction peak intensities increase with the reaction temperature, and by using Scherrer equation it is found that the average crystallite size in CdS-n(TA)-150 ∘ C samples was about 34.2 nm, and the same parameter for CdS-n(TA)-100 ∘ C ones was about 16.8 nm. For CdS-n(TA) products synthesized at 50 ∘ C, they may contain very small crystallites of about 8.7 nm since the diffraction peaks were quite broad located at the same angles of crystalline CdS. On the other hand, the effect of the reaction temperature on the morphology of CdS-n(TA) products can be observed in their SEM micrographs ( Figures  1(b) , 1(c), and 1(d)). At lower reaction temperatures (50 and 100 ∘ C) the products consisted in agglomeration of small particles. The particle size was larger as the synthesis temperature was higher. After synthesis at 150 ∘ C, large hexagonal particles of about hundreds of nanometers were observed. Table 1 lists the crystallite and particle sizes of CdS-n(TA) and CdS-n(TU) products, measured by XRD and SEM, respectively. In literature, CdS hexagonal particles of different sizes were reported in [18] using thiocyanate as sulfur source by microwave heating. The fact that the reaction temperature promotes the particle growth observed in this work was also reported elsewhere [24] .
The effect of reaction temperature on the sizes of CdSn(TU) nanoparticles prepared with thiourea as sulfur source was also analyzed and similar results were obtained. In this case, the reaction yield at 50 ∘ C was even less than that of CdS-n(TA)-50 ∘ C product that could not be able to gather sufficient power for structural analysis. Figure 2 (a) exhibits the XRD patterns of CdS-n(TU) products synthesized at 100 ∘ C for 30 min and at 150 ∘ C for 10 min. The shorter reaction time was chosen for 150 ∘ C reaction temperature to avoid the formation of large crystallites, and even then the effect of temperature on the crystal growth was clearly observed. The average crystallite size was about 9.2 nm for CdS-n(TU) synthesized at 100 ∘ C for 30 min and 11.7 nm for those synthesized at 150 ∘ C for 10 min. Figures 2(b) and 2(c) give SEM images of the same two samples and it is clear that the higher temperature, the larger the particle size (see Table 1 ). The most important feature of CdS-n(TU) products is the formation of monodisperse spherical particles in all the samples, independent of the reaction temperature and pH values, which was not observed in CdS-n(TA) ones. The formation of monodisperse CdS nanocrystallites of about 2 nm by microwave heating was observed in 2001 [15] with thiourea in DMF after very short microwave irradiation time (18 seconds or longer). It seems that, for longer microwave irradiation like 10 or 30 min, the nanocrystallites were larger, of 9.2 or 11.7 nm, respectively, and they gathered into spherical particles. The average particle size was about 98 nm for CdS-n(TU) products synthesized at 100 ∘ C for 30 min and 137 nm for those synthesized at 150 ∘ C for 10 min (Table 1 ). In summary, the reaction temperature is determinant for crystallite and particle size, although the particle morphology of cadmium sulfide particles depends on the sulfur reactant source.
The difference between the CdS-n(TA) and CdS-n(TU) products was also observed in their respective optical properties. Under white light, the first looked like orange-yellow, whereas the second green-yellow. The photoluminescent (PL) spectra of both CdS-n products describe better that difference. Figures 3(a) and 3(b) show, respectively, the original PL spectra and the corresponding deconvolutions of a pair of CdS-n(TU) and CdS-n(TA) powder samples dispersed in water. The two powders were synthesized under similar conditions (at 100 ∘ C for 30 min). Due to the relatively low intensity of the incident light from a xenon lamp in a fluorescence spectrometer, large part of the emission spectra could come from surface states of the CdS-n particles. Three main bands were observed in all the CdS-n PL spectra centered at 450 nm, 490 nm, and 525 nm approximately. The emission band at about 450 nm came from the very small cadmium sulfide particles [17, 25] ; its presence was an indication of International Journal of Photoenergy sufficient dilution of particles/clusters in water solution. The emission band of 490 nm (2.53 eV) corresponds to the band edge transitions of CdS nanocrystals, whereas that of 525 nm (2.36 eV) corresponds to the band edge transitions in bulk CdS [26] [27] [28] [29] . The broad emission bands at around 550 nm (2.25 eV) and 620 nm (2 eV) could be electron transitions from conduction band edge to surface states of large crystallite/particles [30, 31] . The main differences in PL spectra of these two CdS-n products are as follows. The first one was the relative intensities of two blue-green emission bands. In CdS-n(TU) sample (Figure 3(a) ), the intensity of 490-495 nm (blue-green) emission band was much higher than that of 525-530 nm (green) one. In the CdS-n(TA) sample (Figure 3(b) ), however, those two bands showed similar intensities. This is congruent with the size of crystallites in the two products (9.2 nm for the former and 16.8 nm for the latter). The second difference was the relative intensities of the broad longer wavelength (orange-red) emission bands at around 540-570 nm. It is suggested that CdS-n(TA) samples could not be dispersed quite well in water solution and contained large clusters (Figure 1(c) ). As a consequence, they gave a large surface state emission of bulk material around 567 nm. Finally, the effect of reaction temperature on PL spectra was also observed in the relative intensities of the emission bands of CdS-n products. Figure 3 only shows the case of CdS-n(TA) samples, and the same tendency was observed in the case of CdS-n(TU) ones. At lower reaction temperature (50 ∘ C), the percentage of nanoparticle emission bands, 490 nm, was higher (Figure 3(c) ). As the reaction temperature was elevated to 100 or 150 ∘ C, the emission from surface states (550 nm) was predominant (Figures 3(b)  and 3(d) ) due to the larger particles/agglomeration. The PL spectra of CdS compounds confirmed the correlation of product color and crystalline size and revealed the effect of sulfur source (also the synthesis temperature) on particle size and agglomeration degree in cadmium sulfide products as well.
To achieve hybrid solar cells with good photovoltaic parameters, the purity of CdS products and their dispersion in P3HT solution are two important issues. The presence of impurities at the surface of CdS particles could induce charge carrier recombination centers at the interface between CdSn and P3HT, leading to lower values of photovoltage at open circuit ( oc ). On the other hand, the poor miscibility between the inorganic particles and the polymer could limit the interface area and results in lower photocurrent at short circuit ( sc ). The possible presence of impurities in CdS-n products was analyzed by FT-IR and EDS techniques. Figure 4 shows should be C-N stretch [32] . In literature, it is mentioned that the pair around 1112 and 623 cm −1 were stretching bands of C=S stretch in cadmium-thioacetamide composites prepared by sonochemical method [33] . The presence of vibration bands that correspond to the chemical bonds of CH 3 , C-N, C=S, and NH 2 suggests that molecules of thioacetamide TA (CH 3 (CS)NH 2 ), could remain as impurities in the final CdS-n(TA) products. Furthermore, EDS results of the same sample confirmed the presence of Cd, S, C, and N elements. Therefore, it is concluded that CdS-n(TA) products contained trace of TA after synthesis and washing process.
From the FT-IR spectrum of the CdS-n(TU) sample (Figure 4) , on the other hand, only two strong bands were observed: 1572 and 1423 cm −1 . Since the antisymmetric CO 2 stretch of CH 3 COO 2 Na is around 1576 cm −1 and the symmetric CO 2 stretch is usually seen at 1450-1360 cm −1 [32] , it is reasonable to assume that those two absorption bands observed in CdS(TU) sample could be of CO 2 − groups. Other bands at lower wavenumbers, 1277 cm −1 , for example, could be ester C-O stretching and 1124 cm −1 the C-C-O or C-O-C stretching. EDS analysis of the same sample indicated that high concentration of carbon and oxygen atoms was found at the surface of CdS-n(TU) sample, which confirmed the presence of CO 2 − groups as suggested by the FT-IR spectrum. Since sodium citrate was the only compound that contains those carbonyl groups and the vibrations of its chemical bonds, CH 2 or C-O-C, were not observed in FT-IR spectra of the CdS-n(TU) products, it seems that the combination of microwave heating and solution reaction with thiourea made the decomposition of sodium citrate, leaving the CO 2 − groups at the surface of CdS-n(TU) samples. The test of dispersion of the two types of CdS-n particles in P3HT solutions was made by blending the inorganic powder with the solution of P3HT in DCB solvent. The mass relation between CdS-n powder and P3HT molecules was chosen 6 : 1 in order to facilitate the observation in optical microscope. The mixture solutions were deposited on glass slides to form composite or bulk layers of CdSn:P3HT. Figure 5 shows optical micrographs of those layers: CdS-n(TU):P3HT ( Figure 5(a) ) and CdS-n(TA):P3HT ( Figure 5(b) ). Notable phase segregation was observed in the second case, indicating that nanoparticles of CdS synthesized with TA could not be separated by polymer molecules. Those synthesized with TU, however, showed a good miscibility with conducting polymer, suggesting hydrophobic characteristic of CdS-n(TU) powder that would benefit the subsequent photovoltaic properties, as will be discussed later on.
The influence of sulfur source on the photovoltaic performance of hybrid solar cells was observed in photocurrent density-voltage (J-V) curves of several CdS-n and P3HT based solar cells. Table 2 shows the photovoltaic parameters of CdS-n(TA)/P3HT cells with diffused active layer: ITO/CdS-f/CdS-n(TA)/P3HT/CP/Au (see Scheme 1(a)). In it, the effect of the synthesis temperature of CdS-n(TA) powders on the solar cell performance was clearly observed. The best photovoltaic performance was observed in CdSn(TA) sample synthesized at 50 ∘ C with sc as 1.42 mA/cm 2 and oc as 0.47 V. The second best was found in CdS-n(TA) sample synthesized at 100 ∘ C, and the CdS-n(TA) powder synthesized at 150 ∘ C gave the worst solar cell performance among the three. The results of this group of cells were consistent with the fact that smaller crystallites or particles, obtained at lower reaction temperatures, created larger interfacial area with P3HT and, consequently, larger oc and sc of the corresponding solar cells.
The effect of active layer geometric structure on the photovoltaic performance of the corresponding solar cell was also studied. Since the CdS-n product yield at 50 ∘ C was too low, the rest of the solar cells samples were made with CdS-n products obtained at 100 ∘ C for 30 min. Table 2 also gives the photovoltaic parameters of bulk layer cells of CdS-n(TA) synthesized at 100 ∘ C for 30 min: ITO/CdS-f/CdSn(TA):P3HT/CP/Au (see Scheme 1(b)). In this case, the mass ratio between CdS-n(TA) and P3HT was varied: 1 : 1, 3 : 1, and 6 : 1. Compared to the diffused cells, the photovoltaic performance of the bulk samples was worse. The main reason could be the poor miscibility between CdS-n(TA) product and P3HT solution, as observed in Figure 5(b) , that led to a very deficient charge carrier generation and transport in the composite layer formed by CdS-n(TA) and P3HT.
When CdS-n(TU) product was used in bulk solar cells, the good miscibility between CdS-n(TU) nanoparticles and P3HT solution produced much better photovoltaic performance than the CdS-n(TA) one, as indicated in Table 3 . The three mass ratios of CdS-n(TU):P3HT, 1 : 1, 3 : 1, and 6 : 1, gave oc values between 0.6 and 0.75 V and sc between 1.7 and 2.1 mA/cm 2 , systematically higher than their peers in Table 2 . The powders of CdS-n(TU) were synthesized at 100 ∘ C for 30 min in these three cell samples. The best cell was made with a mass ratio of CdS-n(TU) :P3HT equal to 3 : 1, obtaining Figure 5 : Optical micrographs of CdS-n:P3HT bulk or composite layers with CdS-n:P3HT mass ratio of 6 : 1. The CdS-n products in the layers were (a) CdS-n(TU) and (b) CdS-n(TA). Table 3 , the photovoltaic parameters of the hybrid bulk cell with CdS-n(TU) powder synthetized at 150 ∘ C for 10 min and a mass ratio of CdS-n(TU):P3HT = 1 : 1 were also exhibited. The lower values of sc and oc of the cell should result from larger cadmium sulfide particle size obtained at higher reaction temperature that reduced the interfacial area. As a consequence, smaller possibility of exciton dissociation should be ocurred on the reduced interfacial area. Which was the same tendency observed in diffused cells with CdS-n(TA) synthesized at different reaction temperatures ( Table 2) .
The good dispersion of CdS-n(TU) in nonpolar solvent also benefits the photovoltaic performance of the corresponding hybrid cells with diffused layers. Two solvents were tried to disperse CdS-n(TU) products, one nonpolar (DCB) and one polar (DMSO). It was observed experimentally that the powder was better dispersed in DCB than in DMSO; the carbonyl groups (CO 2 − ) on the surface of the CdS-n(TU) product could facilitate its miscibility with nonpolar solvent more than with the polar one. The two CdS-(TU) solutions were deposited by spin-coating on CdS-f substrates, followed by deposition of P3HT solution to form diffused active layers. The photovoltaic parameters of those cells (Table 3) indicate that the oc was not affected notably by the type of solvent for inorganic nanoparticle dispersion. However, the photocurrent of the cells was much higher if the CdSn(TU) powder was originally dispersed in DCB. It suggests that a good dispersion of the CdS-n(TU) product in DCB led to well-dispersed nanoparticles at the surface of CdSf. When the P3HT solution was dropped on them, a larger interface area was formed between the inorganic particles and polymer, and as a result, larger probability of exciton split and consequently larger photocurrent of the cells was obtained under illumination.
From solar cell application point of view, the use of nanoparticles of CdS has the impact on the photovoltaic performance of the resulting cells. Table 3 also gives the photovoltaic parameters of the reference cell (ITO/ CdSf/P3HT/CP-Au) in which no CdS nanoparticles were included. The photovoltaic phenomenon was produced at the interface of CdS thin film and P3HT layer. The current density ( ) versus voltage ( ) semilogarithmic curves of the best cells achieved in this work was compared with that of the reference cell ( Figure 6 ). It is observed that the addition of CdS nanoparticle layer on top of CdS thin film Table 2 ; cells numbers 8 and 13 in Table 3 ) and (b) bulk CdS-n:P3HT layers (cell number 4 in Table 2 ; cells numbers 11 and 13 in Table 3 ). Table 3 ).
(diffused cells, Scheme 1(a)) improved significantly the sc as well as the fill factor (FF), independent of the type of CdS-n ( Figure 6(a) ). The oc , on the other hand, did depend on the sulfur source during the synthesis of CdS-n; those synthesized with TU gave larger oc value, whereas CdS-n synthesized with TA gave the same oc value as the reference cell. When the composite film of CdS-n:P3HT was added onto the CdS-f, larger photocurrent density was produced for both types of CdS-n. The oc value depended again on the synthesis procedure of CdS-n; CdS-n(TU) improved it and CdS-n(TA) worsened it, in comparison with that of the reference. Finally, optical absorbance spectra of different layers in a typical cell sample and the external quantum efficiency (EQE) of the cell were shown in Figure 7 . It is observed that the addition of CdS nanoparticle layer on top of the CdS thin film increased the optical absorbance in the whole UV-Vis range. This could help the photogeneration of charge carriers in hybrid solar cells and as a result, increased the photocurrent density of the corresponding cells, as shown in Tables  2 and 3 as well as in Figure 6 . The EQE spectrum suggests that the main photocurrent came from the optical absorption by CdS phase, which could be due to the illumination from CdS side.
In summary, different sulfur sources could lead cadmium sulfide particles with different surface chemistry and structural and optical properties under similar synthesis conditions under microwave irradiation. Other parameters such as pH values, reactant concentration [20] , and irradiation time [15] could also affect the products' properties. By its simple procedure and rapid reaction time, microwave heating is an effective synthesis method that allows the formation of inorganic nanoparticles with different morphology and properties for low cost solar cell applications.
Conclusions
Cadmium sulfide nanoparticles (CdS-n) were obtained by microwave heating method. Under similar synthesis conditions, the sulfur source, thioacetamide (TA) or thiourea (TU), makes difference on the morphology and surface impurities of the CdS-n products, as well as on their miscibility with poly(3-hexilthiophene) (P3HT) solution. All these factors influence the photovoltaic behavior of the corresponding CdS-n/P3HT hybrid solar cells; those with CdS-n(TA) gave smaller oc than that of CdS-n(TU), independent of the active layer geometric structure of the cells. The reason could be the presence of the CH 3 , C=S, or NH 2 groups in CdS-n(TA) products that act as charge recombination centers at the CdSn(TA)/P3HT interface. CdS-n(TU) product, on the other hand, contained smaller crystallites which agglomerated as spherical particles. The lack of sulfur source impurities in CdS-n(TU) and its good dispersion in P3HT solution seemed to benefit the oc and sc of the corresponding solar cells, giving oc = 0.72 V, sc = 2.1 mA/cm 2 , and a conversion efficiency of about 0.55%.
